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Muonium Physics Goals
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• (Muonium:  hydrogen-like µ+e– atom)


• Muonium–antimuonium (M-M̅̅) oscillations:  
complementary to Mu2e –– differently  
sensitive to CLFV new physics


- both should be sought as sensitively 
as possible 


• Muonium spectroscopy:   
atomic levels exquisitely predicted by QED  
(neither strong nor finite-size corrections)


→clear windows for new physics


• Muonium gravity:  “tabletop” experiment 
sensitive to possible 5th force 


- g – 2, leptonic B, & W-mass anomalies → renewed interest


- only way to test 2nd generation’s gravitational coupling
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A new upper limit for the probability of spontaneous muonium to antimuonium conversion was

established at PMM # 8.3 3 10211 (90% C.L.) in 0.1 T magnetic field, which implies consequences for
speculative extensions to the standard model. Coupling parameters in R-parity-violating supersymmetry
and the mass of a flavor diagonal bileptonic gauge boson can be significantly restricted. A Z8 model
with radiative mass generation through heavy lepton seed and the minimal version of 331 models are
disfavored. [S0031-9007(98)08068-5]

PACS numbers: 11.30.Fs, 11.30.Hv, 13.10.+q, 36.10.Dr

At present, all confirmed experimental experience is in
agreement with conserved lepton numbers. Several solely
empirical laws appear to hold simultaneously. including
multiplicative and additive schemes [1]. No associated
symmetry has yet been identified, thus leaving lepton
numbers in a unique status in physics, since flavor mixing
in the quark sector is well established and described by
the Cabibbo-Kobayashi-Maskawa matrix. The standard
model in particle physics assumes additive lepton family
number conservation, and any observed violation would
be a clear indication of new physics. In many speculative
theories, which extend the standard model in order to
explain some of its features such as parity violation in
the weak interactions or CP violation, lepton flavors are
not conserved. These theories have motivated a variety
of dedicated sensitive searches for rare decay modes of
muons and kaons [2] and for neutrino oscillations.
Of particular interest is the muonium atom sM ≠

m1e2d which consists of two leptons from different
generations. As the electromagnetic part of the binding is
well described by electroweak standard theory it renders
the possibility of a search for additional, yet unrevealed
electron-muon interactions. A spontaneous conversion of
muonium into antimuonium sM ≠ m2e1d would violate
the additive lepton family number conservation by two
units; however, it is allowed by a multiplicative law. This
process could play a decisive role in many speculative
models (Fig. 1) [3–9].
The measurements reported here were performed with

the muonium-antimuonium conversion spectrometer
(MACS) whose design is based on the observation of
M atoms in vacuo. In matter the possible conversion is
strongly suppressed mainly due to the loss of symmetry
between M and M due to the possibility of m2 transfer

in collisions involving M [10,11]. The required signature
of a conversion process is the coincident identification of
both the electron and positron released in the decay of the
antiatom [12,13]. An energetic electron se2d arises from
the decay m2 ! e2 1 nm 1 ne with a characteristic
Michel energy distribution extending to 53 MeV [14], and
a positron se1d appears with an average kinetic energy of
13.5 eV corresponding to its momentum distribution in
the atomic 1s state of M [15].
The setup has a large acceptance for these charged

final state particles (Fig. 2). Its symmetry for detecting M
and M decays through reversing all electric and magnetic
fields is exploited in regular measurements of the M atom
production yield which is required for normalization and,
in addition, for monitoring detector performance. As a
particular advantage, systematic uncertainties arising from
corrections for efficiencies and acceptances of various
detector components cancel out.

FIG. 1. Muonium-antimuonium conversion in theories beyond
the standard model. The interaction could be mediated, e.g., by
(a) doubly charged Higgs boson D11 [3,4], (b) heavy Majorana
neutrinos [3], (c) a neutral scalar FN [5], e.g., a supersymmetric
t-sneutrino ñt [6,7], or (d) a bileptonic flavor diagonal gauge
boson X11 [8,9].
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Figure 1. Energy levels of the hydrogen-like muonium atom for states with principal
quantum numbers n=1 and n=2. The indicated transitions could be induced to date by
microwave or laser spectroscopy. High accuracy has been achieved for the transitions
which involve the ground state. The atoms can be produced most efficiently for n=1.

charge and spin carrying constituents inside the proton are not known to
sufficient accuracy.

High energy scattering experiments have shown for leptons no structure
down to dimensions of 10−18 m. They may therefore be considered ”point-
like”. As a consequence, complications as those arising from the structure
of the nucleus in natural atoms and such artificial systems that contain
hadrons are absent in the muonium atom (M = µ+e−), which is the bound
state of two leptons, a positive muon (µ+) and an electron (e) 1,2. It may
be considered a light hydrogen isotope.

The dominant interaction within the muonium atom (see Fig. 1) is elec-
tromagnetic. In the framework of bound state Quantum Electrodynamics
(QED) the electromagnetic part of the binding can be calculated to suffi-
ciently high accuracy for modern high precision spectroscopy experiments.
There are also contributions from weak interactions arising through Z0-
boson exchange and from strong interactions owing to vacuum polarization
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• PSI:  world’s most intense surface-muon beams


- best previous M-M̅̅ oscillation limit (MACS, 1999)


- new M spectroscopy experiments:   
Mu-MASS (PSI, 1S-2S); MuSEUM (J-PARC, hyperfine)


o together with g – 2 → potential µ-only α value


• HIMB (PSI upgrade):  goal x ≈ 30 rate increase


• PIP-II (“AMF”):  potentially x ~102 over HIMB


• In ≈ 10 years Fermilab could be world’s best  
M physics venue!  

- R&D opportunity now at existing “MTA” low- 
energy µ beamline @ Fermilab 400 MeV Linac


- cost-effective few-M$, few-year program


• Collaboration formed, R&D program proposed
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